Introduction
Environmental pollution is a growing global concern. The road transport sector is a major contributor to this problem. Therefore, improving the efficiency of automotive powertrain systems is viewed as a pertinent palliative measure, which is subject of a growing list of legislation and directives [1] . The harmful emissions are partly as a result of internal combustion engine frictional losses. These have been shown to account for 15-20% of the fuel consumed in internal combustion powered road vehicles [2] . Under challenging inner city or urban drive cycles these losses can rise to as much as 20-30% of all the expended fuel energy [3] . A significant part of engine frictional losses (40-50%) is due to piston-cylinder system [4, 5] . As a result, significant changes are made in engine design at a system level. These include new technologies such as Cylinder De-Activation (CDA) in a drive to improve fuel efficiency [6] , leading to reduced levels of harmful emissions, particularly in urban driving conditions. However, the increasingly harsh operating conditions in modern engines exacerbate frictional power losses irrespective of the introduced new technologies such as CDA. The expected optimal outcomes are not realised as shown by Bewsher et al. [7] for the effect of CDA on piston compression ring-cylinder liner contact and by Mohammadpour et al. [8] for the case of connecting rod bearings. Therefore, another trend is to improve cylinder bore and piston and rings' surfaces in terms of topography [9] [10] [11] , coatings [12] [13] [14] and other surface treatments such as surface texturing [15] [16] [17] for enhanced frictional performance, as well as for wear resistance. All of these are intended outcomes against the prevailing trend in light-weight and durable powertrain technologies. An example of this has been the move away from tribologically advantageous Cast Iron (CI) engine blocks towards low weight aluminium alloys, necessitating the development of cylinder liner inserts or application of direct coatings.
Selecting running surfaces is a significant challenge for engine specialists, tribologists and material scientists alike. Identification of appropriate surfaces is typically conducted in an empirical manner or through mimicry of tried and tested exemplars found in current engineering practice [18] . The difficulty of surface selection is two-fold. Firstly, friction and wear are inherent system attributes. Secondly, coatings or substrate materials are required to achieve a complex and often contradictory set of design objectives. Therefore, it is pertinent at this point to specify the conjunctional configuration and contact conditions which the intended work aims to focus upon in order for functional requirements of the surfaces/coatings to be ascertained.
The piston, ring and cylinder sub-system is a reciprocating, partially conforming contact subject to varying transient kinematics and loading. Boundary friction has been shown to dominate at piston reversals due to the momentary cessation of lubricant entrainment [11, [19] [20] [21] [22] .
Therefore, some direct contact of bounding contacting solids would occur, where the generated friction is directly affected by surface material and topography. This is particularly the case at the top dead centre reversal as high cylinder liner temperatures reduce the lubricant's load carrying capacity [23] and during the power stroke when in-cylinder pressure increases the radial load against the cylinder bore. Reducing the generated boundary friction, created by interacting asperity pairs on the counter face surfaces and any intermediary adsorbed layer, is the key to improving engine efficiency. One method of achieving this is through use of suitable coating on the contacting surfaces to guard against wear, whilst reducing boundary friction [13, 14, 18, 24] .
The use of bench top tribometers has been shown as an effective method to compare coating performance. A comparison of reciprocating sliding tribometer performance and engine fuel economy for various lubricant-surface combinations has shown a strong correlation [25, 26] . Gore et al. [26] compared two running surfaces using a bench-top tribometer and an analytical model. Measured data from Atomic Force Microscopy (AFM) was used in the analytical model to characterise the materials' boundary shear strength. The model was shown to accurately benchmark the performance of various surface materials.
Lateral Force Mode (LFM) with AFM has enabled measurement of friction at the asperity level for dry and lubricated surfaces [27] [28] [29] . AFM has also been frequently used to investigate the nano-mechanical and nano-tribologoical properties of coatings [24, [29] [30] [31] [32] . AFM has been shown to provide an insight into the failure mechanism of thin coatings [33] . Carpick et al. [34] have shown that nano-scale frictional properties are functions of AFM tip radius, reduced elastic modulus, adhesion and interfacial shear strength.
For automotive coatings, characterisation and measurement by means of scratching (wear), indentation (hardness) and mechanical (elastic modulus) are quite commonplace. Direct comparison by means of LFM for various materials is less common. This paper documents the use of LFM for nano-scale elastic modulus measurement as well as contact mechanics analysis as part of a selection procedure for cylinder liner surface material. The procedure benchmarks surface coatings in relation to frictional properties at asperity interaction level. The results provide useful information for mechanical characterisation of the running contacting surfaces, specific to automotive piston-cylinder application. Such an approach has not hitherto been reported in literature.
Mechanics of contact
At the interface of the AFM tip-to-a sample surface conjunction, there exists a combination of active kinetics, such as meniscus and adhesive forces. Thus, the mechanics of the contact deviates from the classical Hertzian theory. The adhesive forces are promoted by the short range surface forces of the materials, for which the continuum models proposed by Bradley [35] , Johnson et al. [36] , Derjaguin et al. [37] and the broader Maugis model [38] may be employed. To determine the applicability of these models two non-dimensional parameters are used [39] . Firstly, an elasticity parameter μ is used, which represents the ratio of elastic deformation resulting from adhesive disengagement from a surface to a range of surface forces [40] :
where, R is the reduced radius of contacting bodies (in this case the tip radius of the AFM probe against a flat specimen surface), w is the work of adhesion, z 0 is the atomic equilibrium separation and E * is the reduced (equivalent) modulus of elasticity of the contacting pair:
where, υ and E are the poisson's ratio and Young's modulus of elasticity of the contacting surface respectively. The second parameter is to determine the most appropriate adhesion model. This is the dimensionless load parameter P, which is the ratio of the applied normal force, F N , to the adhesive force:
where, w is the work of adhesion. Preliminary investigation of a candidate surfaces, subject of this investigation yielded load parameters in the range 10-100 and the dimensionless elasticity parameter in the range 0.005-0.05. Using The Adhesion Map in Ref. [39] , it can be shown that the most appropriate contact mechanics theory for the contact of the silicon nitride AFM tip to Peak height roughness TiO2
Titanium Dioxide the samples used in this investigation is that due to Derjaguin et al. [37] , known as the DMT model. This is an expected outcome due to the small tip radius and relatively hard surfaces with low adhesive forces, an outcome which is consistent with the findings of Enachescu et al. [41] for similar materials. A brief description of the DMT theory [37] and its link to the interfacial friction is provided here.
The DMT theory follows the classical Hertzian theory to determine the localised elastic deformation of the contacting surfaces in addition to the inclusion of adhesive surface force, thus:
where F ad is the adhesive force and δ is the contact deflection of the surfaces. Friction has been shown to be related to the contact area and the interfacial shear strength of the contacting surfaces, thus the contact half width, a, can be written as:
Bowden and Tabor [42] presented their plastic junction theory of friction when ploughing of asperities occurs, proportionally to the real contact area. This has been shown to be the case for contact half-widths as diminutive as 2 nm by Lantz et al. [43] . This can be written in terms of contact area, A, and the boundary shear strength of the surface, τ as:
When using an AFM in a normal humid atmosphere the contribution of meniscus force due to condensation on the surface of specimen should not be discounted. A mono-layer of water molecules forms on any surface within 25 μs and grows exponentially thereafter [44, 45] . In the current study the relative humidity in the measurement chamber was 50 þ À 5% RH. At this level of relative humidity, it has been shown that for non-polar condensed film, such cyclohexane, the bulk parameters can be used to describe the capillary action [46] . However, hydrogen bonds present in condensed aqueous films require a meniscus radius greater than 1.5 nm for liquid phase bulk parameters to be applicable [47] . While the direct measurement of condensed film thickness and meniscus radii is outside the scope of the present work; similar models have been employed to effectively explain experimental results for very similar environments and contact conditions [48, 49] . Therefore, for the conditions in the current study it is deemed reasonable to employ bulk parameter models, inter alia, surface tension observable at microscopic level in order to model capillary forces at the scale of the AFM tip.
The contact angle of a water droplet on all specimen surfaces is measured through goniometry. The meniscus force, F m , can then be determined through thermodynamic equilibrium on assumed smooth surfaces [50] as:
where, θ 1 is the contact angle of water with the silicon nitride AFM tip and θ i is that of water with each specimen used in the study, while γ lv is the liquid-vapour surface energy. The measured values are listed in Table 2 . The meniscus force is used to find the normal applied contact load, F N from the measured force, L as:
The experimentally determined pull-off or detachment force, L p comprises the meniscus force, F m and the surface (adhesive) force, F ad . Assuming two rigid surfaces, their relationship can be expressed as:
The surface energy, γ, can be determined from the adhesive component of the pull-off force as:
Experimental measurements
LFM is used to measure and benchmark the frictional performance of six specimen materials, which are most commonly used as the primary working cylinder bore/liner surfaces for a wide range of internal combustion engines. The chosen materials/coatings have a range of surface hardness with various levels of densification (i.e. certain bore surface materials contain porosity such as cast iron and FeMo). Surface images for the prepared samples are provided in Fig. 1, using . These provide a qualitative analysis of the material/coating thickness with surface features in the sub-micrometre scale. Typical regional topography measurements are also provided using AFM over a 1 Â 1 μm 2 area.
All 6 specimens are prepared as flat samples, with dimensions: 100 Â 50 Â 8 mm, and with ground working surfaces, followed by flat lapping to an overall flatness tolerance of 10 μm. The topography is subjected to further finishing process described below. Commonly engine bore surfaces are plateau honed to improve tribological performance. The focus of the current study is on the surface material performance rather than its surface finish. For this reason a much smoother isotropic surface has been generated, which is particularly suitable for measurements with AFM.
In preparation of all sample materials, care is taken to achieve similar asperity morphology in order to minimise the differences in their frictional performance which may be attributed to boundary friction contribution through asperity ploughing. This action confines, as far as possible, the mechanism of generated friction to adhesion, thus becomes a representative benchmarking method for specimen surface materials in contact with the same counter face surface (in this case the silicon nitride tip of the AFM probe). Other investigations using different specimens have shown that the effect of ploughing friction as the result of their widely varying surface topographies prohibits direct comparison of counter face surface material combinations [51] . The minimisation of the effect of different asperity ploughing levels also improves the validity of the highlighted analytical method described in section 2. Therefore, diamond paste polishing is used at the surface finishing stage. The DLC coated sample presents a particular challenge in this regard as there is a limit to the substrate surface roughness prior to coating in order to minimise spalling due to internal stresses set up by coating conformity to rough surface topographies.
In addition, DLC produces surfaces of increased roughness post coating. The substrate material for the DLC coating was lapped using Kemet 6 μm polycrystalline diamond which satisfies the roughness limitations for coating adhesion. Post coating, the surface roughness was measured and a 30% increase in R pk was encountered. Each sample was measured 6 times, with an evaluation length of 1.775 mm and a length cut-off length of 0.225 mm. Kemet 9 μm polycrystalline diamond polishing compound was found to provide near equivalent roughness to the post coated DLC specimen, when applied to the electroplated nickelsilicon carbide (Ni-SiC2) specimen. All the surfaces presented in Table 1 , with the exception of DLC, were therefore finally lapped using a 9 μm polycrystalline diamond polishing compound.
Due to the differing nature of the prepared surfaces (differential porosity), significant variation is noted and indeed expected for surface roughness due to the inherent contribution of roughness valleys. The use of same grade abrasive is justified on the basis of similar asperity generation for the prepared surfaces.
Lateral force microscopy
The surface topography and frictional characteristics of various surfaces and coatings are investigated using a Veeco Dimensions-3100 Atomic Force Microscope. The samples are subjected to LFM by a Bruker DNP-10 non-conductive silicon nitride tip, held on a silicon nitride cantilever. The tip has a nominal radius of 20 nm. The cantilever stiffness is 0.06 N/m. The low stiffness is used to avoid plastic deformation of scanned surfaces, which would occur with excessive contact pressures. To guard against this outcome, the normal applied loads are limited to 50 nm. Further verification with regard to the prevailing elastic nature of the contact is provided later in section 3.2.
The cantilever and tip are calibrated before each measurement in order to ensure a high level of measurement repeatability. The accuracy of the results is strongly dependent on this process [48] . A silicon nitride sample with known frictional properties is used for the calibration process, using the blind calibration method [24, [51] [52] [53] . The coefficient of friction of the standard silicon nitride sample is 0.19 [51] .
The normal measured applied load L is determined by multiplying the applied load in Volts by the slope of the force-distance curve for a known cantilever spring constant. A 1 Â 1 μm area of the calibration sample is scanned with a frequency of 2 Hz with a sample array of 256 Â 256 points. Average friction F f is recorded in Volts using the trace-minusretrace method. All experiments are carried out in a controlled ambient condition (20 ± 2 C, and 50 ± 5% RH).
The calibration factor C F for the tip used is calculated as [52] .
The calibration factor is determined through curve fitting for a range of measured normal applied loads and curve fitted (an example is shown in Fig. 2 ). The resulting equation predicts the response of the AFM tip assembly over the range of test loads. The error bars represent the standard deviation of the measurement used for the calibration procedure which is repeated for each tip used.
Friction for the samples is calculated as:
For each sample and at any applied load 4 measurements are carried out. The error bars in Fig. 3 show the degree of scatter in the measurements.
Measurement of modulus of elasticity
LFM testing of samples is carried out with the AFM in the above stated controlled ambient conditions. With a layer of moisture assumed to be present on the surface of samples, combined with applied pressure and shear, as well as generated contact heat a reactive thin layer including various material oxides would be formed on the specimen surfaces. This affects the contact surface elastic modulus, which is required for the Table 1 Sample data. Sample analysis of measurements highlighted in the aforementioned analytical method (section 2). Therefore, measurement of Young's modulus of elasticity of the specimen surface is essential, as well as the real area of contact and its shear strength. Carpick et al. [54] state that the determination of the real area of contact is the key parameter in determining the frictional behaviour at the nano-scale. The elastic modulus is linked to the material's constitutive relations and is a necessary parameter for determining contact deflection and the real contact area. It has been shown that the contacting surfaces evolve into a complex graded structure of both counter face materials' composition and mechanical properties [55] . As a result surface deflections similar to those encountered in LFM are necessary to obtain representative results, which are in nano-scale as opposed to deflections of a few micrometres commonly used with indentation techniques [56] . Consequently, low normal applied loads should be used to maintain the contact behaviour true to the underlying assumptions of the DMT theory.
In the current study, a Bruker RTESP-525 rectangular cantilever with a stiffness of 200 N/m and a nominal tip radius of 8 nm is employed to obtain the elastic modulus of the specimen surfaces. The tip radius is measured using a calibrated artefact of known geometry and a deconvolution procedure. Using a cantilever with comparable stiffness to that of the surface facilitates a discernible magnitude of cantilever deflection. The extent of cantilever deflection relative to the measurement system is of importance with regard to the accuracy of the measurements. The deflection of the surface can be determined from the difference between the cantilever height and its deflection. The stiffness of the cantilever and its deflection allow for the true applied normal load to be determined as:
where, α is the inclination angle of the cantilever, which for the current study is 10 [57] .
As the normal force and deflection of the surface are both known, the elastic modulus of the surface can be determined through use of the DMT theory. The normal contact load F N can be determined from the measured contact load L, using equation (9) . By rearranging equation (4) the reduced elastic modulus is then determined from the surface deflection and the normal contact force as:
As this process is quite sensitive to surface material inhomogeneity, the measurement process is repeated 4 times for each sample at different locations. The measured reduced elastic moduli for all samples are listed in Table 2 . An example result for the CI sample is shown in Fig. 4 .
The average reduced elastic modulus for the CI sample across all the measurements taken is 99 GPa. Higher than average values are observed at the very top region of the surface (0-0.5 nm) which is likely to be due to the formation of an oxide layer [55] . The average elastic modulus across this region is then put back into the DMT model to provide a visual demonstration of the goodness of fit of the theory to the measured data (Fig. 5 ). Table 2 lists the measured moduli of elasticity of all specimen materials. As already noted, measurements are carried out at 4 locations for each specimen. The average value for each surface material type is provided in the table with standard deviations of the measurement from the average value. The table also includes the average measured contact angle of water with each surface material/coating (obtained through goniometry in normal atmosphere) with the corresponding measurement deviations. The data for the silicon nitride tip are obtained from elsewhere [58] .
Results and discussion
The relationship between friction and contact area for all the tested specimen surfaces is shown in Fig. 6 . The contact area is calculated using equations (5) and (8) (9) (10) . The graphs show near linear relationship between the measured friction and the predicted contact area, using the DMT theory. The gradient of a line with a zero intercept provides the interfacial shear strength of the contacting pairs. Whilst most of the linearly-fitted data appear to reside on lines with a zero intercept, there are implied deviations from this trend for some of the results. The continuum mechanics theory followed here requires that the intercept of the graphs should be zero. This means that without a contact, there should be no generated friction. For this reason a fixed intercept of zero is chosen for the graphs in Fig. 6 . Disagreement with this at the lower contact areas is assumed to be due to a breakdown of the continuum mechanics theory reported for other researchers as well, such as by Lantz et al. [43] . A 4 nm 2 contact area is equivalent to a 1 nm contact footprint radius, where only a few atoms would reside. A comparison of the best fit lines (Fig. 6a-f) is shown in Fig. 7 . The surfaces with the highest interfacial shear strength are those with the steepest gradient. It can be observed that Ni-SiC2 surface has the lowest interfacial shear strength, whilst the FeMo and DLC have the highest. The interfacial shear strength of the surface pairs range from 0.51 to 1.4 GPa, which is high compared with typical bulk shear stress parameters of similar materials. This can account for the strong nature of the surface oxide bonds formed on the specimen surfaces [54] . Those with the highest shear strength would have superior wear resistance, but poorer frictional performance. This is an important finding, indicating that wear and friction performance of surface material do not always coincide as is traditionally suggested. With the usual micro-scale topography of in-cylinder surfaces any increased surface shear strength would promote increased boundary friction due to asperity ploughing. This is confirmed through benchmark engine testing of cylinder liner surfaces made of DLC and Ni-SiC2 by Howell-Smith et al. [14] , where poorer frictional performance was noted for the DLC coated advanced cylinder liners. Similar findings have also been reported by Demas et al. [59] .
Referring to equation (7) it can be seen that there are three key material parameters influencing the nanoscale friction. These are the elastic modulus, interfacial shear strength and adhesion. Fig. 8 shows the variation of mean coefficient of friction with these governing material parameters in equation (7). A clear trend can be observed for all test surface materials. It can be seen that friction is inversely proportional to surface elastic modulus, as the result of the dependence of friction on the real area of contact, as also shown by Carpick et al. [54] . The approximate interfacial shear strength of the contact can be determined using the cobblestone model proposed by Tabor [60] and developed by Sutcliffe et al. [61] . Assuming that some fraction, ε of the total adhesion energy is dissipated as heat during sliding (i.e. adhesion hysteresis), Homola et al. [62] have shown that the interfacial shear strength of the contact can be approximated by:
where Z 0 is the equilibrium atomic spacing, indicating the lateral distance moved (dislocation) to initiate sliding motion. Using an approximate value of Z 0 ¼ 0:1 nm, a typical surface energy of γ ¼ 0:03 N=m and ε ¼ 0:5 (a value which can vary between 0 and 1), it can be seen that: τ≈0:3 GPa. This provides a useful order of magnitude check for the contact shear strength found through LFM and the contact mechanics theory used here. The result in Fig. 8 supports the hypothesis of linearly varying surface energy and shear stress. The surface energy is determined through application of equations (8), (10) and (11) . The results shown in the figure corresponds to the relationship for calculated surface energy (using the measured pull-off force) with the interfacial shear strength of the surfaces. The near linear relationship of the two parameters indicates that the theory embodied in equation (16) provides a reasonable explanation of the results presented. Variations of the interfacial shear strength of the surfaces at similar values of surface energies can be explained through the differences in the adhesion hysteresis parameter ðεÞ. Fig. 9 shows that the Ni-SiC2 surface has the lowest coefficient of friction of all sample surfaces due its low shear strength. With coated surfaces care must be taken that a high tensile/alternating stress field does not occur at substrate-coating interface as this can lead to exfoliation of the coating. Light applied loads in the current study guards against this potential surface failure. However, it would be prudent to couple the current approach with appropriate wear and fatigue tests for a complete understanding of surface performance.
The DLC coating attains a middle rank position within this analysis. However, DLC seems to reside outside the linear relationship shown in Fig. 9 . The use of ðγ=E Ã Þ 2=3 parameter on the abscissa presumes that surface energy is material-specific, thus affecting the magnitude of interfacial shear strength of the surfaces. This assumption is shown to be reasonable in Fig. 8 for most of the tested material surfaces. Equation (16) shows that the interfacial shear strength is also dependent on the equilibrium atomic spacing and the adhesion hysteresis parameter. From literature it can be seen that the equilibrium spacing of carbon is approximately 40pm in graphite [64] , whilst for other surfaces such as TiO2 and Fe crystals, this is 10 À 20 pm and 23 p.m. respectively [65, 66] . It is suggested that whilst the ratio ε=Z o may be reasonably constant for most surfaces leaving the surface energy as the material dependent parameter, the same cannot be assumed for the case of DLC. Evidentially further investigation of the dissipative processes involved would still be required.
It is important to note its significant compositional and resulting property variations with regard to a trade-off between a lower shear strength (high percentage sp 2 hybridisation) and a higher elastic modulus (high percentage of sp 3 hybridisation). The variation in physical material properties with different hybridisation ratios (sp 2 :sp 3 ) is discussed in detail by Paul et al. [63] . Therefore, the range of DLC compositions endows it with a wide range of tribological properties, depending on the intended applications.
Concluding remarks
The frictional performance of some common cylinder bore material surfaces, including for high performance engines, were studied. Key surface parameters such as modulus of elasticity of surfaces, interfacial shear strength and surface energy are shown to have a strong correlation with measured nanoscale friction with AFM in LFM mode. Of the materials tested the electroplated Ni-SiC2 surface, used extensively in racing engine applications, is shown to exhibit lowest friction due its relatively low interfacial shear strength.
The increasingly used cylinder liner coating, DLC, is found to provide a mid-range coefficient of friction amongst the tested specimen. It is suggested that the reason for the variation between full scale engine performance of this material and the results shown here at the nanoscale could be due to the widely varying range of DLC coatings available in industry.
A more complete understanding of material behaviour in engine conditions could be accrued by determining boundary friction once absorbed layers of surface active additives and contaminates have adhered or bonded to the surfaces in real cylinder applications as tribofilms. These ultra-thin films affect both the elastic modulus and the interfacial shear strength of the contact. The presented model provides a method for the evaluation of surfaces which is independent of such lubricant formulation variables. Future extension of this research would also need to extend the LFM work to investigation of these boundary films as shown by Chong et al. [51] . It is also important to note that the performance of surfaces for in-cylinder applications is also dependent on their finished topography, which includes the usual cross-hatching. There have been previous numerical analysis and experimental evaluation of cross-hatch angles, most suitable for cylinder liners [10, 14, 67] .
